Upper abyssal to lower bathyal benthic foraminifers from ODP Sites 689 (present water depth 2080 m) and 690 (present water depth 2941 m) on Maud Rise (eastern Weddell Sea, Antarctica) are reliable indicators of Maestrichtian through Neogene changes in the deep-water characteristics at high southern latitudes. Benthic foraminiferal faunas were divided into eight assemblages, with periods of faunal change at the early/late Maestrichtian boundary (69 Ma), at the early/late Paleocene boundary (62 Ma), in the latest Paleocene (57.5 Ma), in the middle early Eocene to late early Eo cene (55-52 Ma), in the middle middle Eocene (46 Ma), in the late Eocene (38.5 Ma), and in the middle-late Miocene (14.9-11.5 Ma). These periods of faunal change may have occurred worldwide at the same time, although specific first and last appearances of deep-sea benthic foraminifers are commonly diachronous. There were minor faunal changes at the Cretaceous/Tertiary boundary (less than 14°7o of the species had last appearances at Site 689, less than 9% at Site 690). The most abrupt benthic foraminiferal faunal event occurred in the latest Paleocene, when the diversity dropped by 50% (more than 35% of species had last appearances) over a period of less than 25,000 years; after the extinction the diversity remained low for about 350,000 years.
INTRODUCTION
The climate of the Earth and the temperature structure of the oceans have changed considerably over Earth history. The best-documented changes occurred during the Cenozoic: during this period the global environment changed from warm with equable temperatures and oceans without a well-developed thermocline to the present situation with extensive polar ice caps and strong latitudinal and vertical temperature gradients in the oceans (e.g., Douglas and Savin, 1975; Savin, 1977; Berggren and Schnitker, 1983; Barron, 1985 Barron, , 1987 . The world may not have been completely free of ice during the Cretaceous (Frakes and Francis, 1988; Gregory et al., 1989) , but continental ice sheets were either absent or much smaller than they presently are (e.g., Frakes, 1979; Schnitker, 1980; Berger et al., 1981) . The climatic changes were the most extreme at high latitudes: during the Eocene forests could grow on the Antarctic Peninsula (e.g., Askin, 1989; Birkenmayer and Zastawniak, 1989; Challoner and Creber, 1989; Mohr, this volume, chapter 36) , where vegetation is much more limited today. The decrease in temperatures at high latitudes probably did not occur gradually but proceeded stepwise (e.g., Kennett, 1977; Berger et al., 1981; .
Strong cooling in the polar areas can be expected to cause major changes in the processes of formation of the deep and in termediate water masses in the oceans. Presently the deepest wa ter masses in the oceans are formed at high latitudes, as has been realized by researchers since the end of the 18th century (Rumford, 1797 , fide Warren, 1981 . Important areas of deepwater formation are the Norwegian-Greenland Sea in the North Atlantic and the Weddell Sea in the Southern Ocean Atlantic Sector (e.g., Tolmazin, 1985; Whitehead, 1989) . In these areas the surface waters are very cold; the salinity in the NorwegianGreenland Sea increases by advection of lower latitude surface waters (Worthington, 1972) , so that saline, cold, and thus dense waters sink and flow over the Fanzte Bank Channel and through the Denmark Straits (Warren, 1981; Whitehead, 1989) . In the Weddell Sea the salinity (and thus density) of surface waters in creases because of extensive winter freezing of surface waters (Gill, 1973) . The saline Weddell Sea Bottom Water (with a po tential temperature of less than -0.7°C) sinks and leaves the Weddell Sea at the northern tip of the Antarctic Peninsula (Fos ter and Carmack, 1976; Warren, 1981) . The Weddell Sea Bot tom Water is probably mixed fairly rapidly into the overlying water and forms the Antarctic Bottom Water. The overlying wa ter in the Weddell Sea is also "Antarctic Bottom Water," but "older," with properties modified by mixing. This water flows westward into the Weddell Sea (in the Weddell Gyre) close to the continent, and constitutes the Warm Deep Water (Deacon, 1976 ; see also Pudsey et al., 1988) .
In the absence of very cold polar regions covered with exten sive ice sheets, deep and intermediate waters might still have formed by cooling at high latitudes (e.g., Schnitker, 1980; Wilde and Berry, 1982; Manabe and Bryan, 1985; Barrera et al., 1987) . Many authors, however, from Chamberlin (1906) through Hay (1988) have postulated that deep waters might have formed at subtropical latitudes where evaporation strongly exceeds precipi tation. As a result of excess evaporation, dense, warm, salty deep waters could have formed, similar to the waters presently leaving the Mediterranean and Persian Gulf at mid-water depths (Brass et al., 1982; Prentice and Matthews, 1988; Woodruff and Savin, 1989) . These warm, salty deep waters would have been depleted in dissolved oxygen at their formation because of the lower solubility of that gas at higher temperatures, and they could have been close to saturation with CaC0 3 because this salt is less soluble at higher temperatures. Thus they would have been different from the present deep waters, which are cold, rich in dissolved oxygen, and strongly undersaturated in CaC0 3 at their formation.
There has been no agreement on the timing of the period in which these hypothetical warm deep waters existed: Mount et al. (1986) agreed with Barron et al. (1981) that the formation of warm, salty, deep waters might have ended during the late Maes trichtian. Data on Cerium anomalies of sediments from the Rio Grande Rise (Hu et al., 1988) suggest that better oxygenation of deep waters in the South Atlantic started in the early Eocene; Hay (1988) suggested that circulation was halothermal (warm, salty deep waters) through the Eocene, whereas Prentice and Matthews (1988) concluded that low-latitude production of deep water was important through most of the Tertiary. On the other hand, Barrera et al. (1987) presented isotopic evidence that po lar regions were sites of deep-water formation during the Late Cretaceous and Paleocene, and suggested that deep waters were formed in the Antarctic region during the Paleocene, but that production may have stopped in the early Eocene. More recent data from the Atlantic sector of the South ern Oceans suggest that there was a short period of no produc tion of deep waters at southern high latitudes at the Paleocene/ Eocene boundary (Katz and Miller, in press ). Thus, it is unclear whether formation of warm salty deep water did occur during the late Maestrichtian through Paleogene, and there is no agree ment on when it occurred if it did occur.
It seems probable, however, that sources of deep waters changed considerably during the Cenozoic, resulting in changes in the physical and chemical properties of the deep waters, be cause these are dependent upon the properties of surface waters in the source area (e.g., Manabe and Bryan, 1985) . Deep-sea benthic foraminiferal faunas reflect the characteristics of the deep waters (e.g., Douglas and Woodruff, 1981; Culver, 1987) , and therefore it should be possible to trace changes in deep-wa ter formational processes by studying changes in faunal compo sition of these organisms. The study of deep-sea benthic fora minifers from high-latitude sites is of particular interest for re constructing the deep-water formational processes of the past, because the Cenozoic environmental changes can be expected to have had a large amplitude at these latitudes.
Until recently the southernmost sections of Paleogene deepsea calcareous oozes containing a record of calcareous deep-sea benthic foraminifers were recovered from the Falkland Plateau (Dailey, 1983; . More southerly sites in the Pa cific sector of the Southern Oceans and in the Ross Sea (Antarc tica) do not contain deep-water calcareous sediment older than Oligocene (e.g., Leckie and Webb, 1985; Webb et al., 1986) . Sediments from the James Ross Island area (Antarctic Penin sula) contain calcareous faunas but were deposited in a neritic environment (Huber, 1988) . On Leg 113, Maestrichtian through Pleistocene biogenic pelagic oozes were recovered at two sites on the Maud Rise, at the eastern side of the Weddell Sea (Barker, Kennett, et al., 1988) , constituting the southernmost record of calcareous deep-sea benthic foraminifers through the Maestrich tian and Cenozoic. In this chapter quantitative data are pre sented on the faunal composition of these foraminifers at Sites 689 and 690, from the Maestrichtian through the Neogene; this is the longest and most complete quantitative record of deep-sea benthic foraminiferal faunas available from any location.
MATERIAL AND METHODS

Site Location and Stratigraphy
Sites 689 (64°31.009'S, 03°05.996'E, present water depth 2080 m) and 690 (65°9.629'S, 1°12.296'E, present water depth 2914 m) were drilled on Leg 113 (January-March 1987) on Maud Rise, an aseismic ridge at the eastern entrance of the Weddell Sea (Barker, Kennett, et al., 1988; Fig. 1A) . Site 689 is on the northeastern side near the crest of Maud Rise, Site 690 is on the southwestern flank, 116 km to the southwest (Fig. IB) . At both sites biogenic sediments were recovered, with admixture of fine grained terrigenous material in some intervals at Site 690 (Barker, Kennett, et al., 1988, p. 190-191) . The sediments range from lower Maestrichtian through Pleistocene; recovery was good and core deformation minimal in most intervals (Barker, Kennett, et al., 1988) . The Upper Cretaceous through lower middle Eocene consists of chalks and calcareous oozes, the upper middle Eo cene through lower Miocene of a mixture of siliceous and cal careous oozes in which the silica content increases upward, and middle Miocene through Pleistocene sediments are dominantly siliceous (with calcium-carbonate-containing intervals in the up per Miocene and Pleistocene). Calcium-carbonate faunas show signs of dissolution from the upper Eocene up.
Paleodepths for the sites could not be estimated using simple thermal subsidence models because Maud Rise is an aseismic ridge with basement consisting of alkali basalts of the Ocean Is land Basalt type, not of typical Mid-Oceanic Ridge Basalts (Site 690 report, in Barker, Kennett, et al., 1988) . Benthic foraminif eral faunas indicate paleodepths for Site 689 of 1000-1500 m in the Cretaceous through Paleocene, increasing to 1500-2000 m in the Eocene. For Site 690 estimates are 1500-2000 m paleodepth in the Cretaceous through Paleocene, increasing to more than 2500 m in the Eocene (Site 689 and 690 reports, Barker, Ken nett, et al., 1988) . These depth estimates are in agreement with preliminary data on the ostracods, which indicate depths of more than 800-900 m for the oldest part of the section at Site 689 (P. Steineck, pers, comm., 1988) . The depth estimates are also in close agreement with benthic foraminiferal data on ODP Leg 114 Sites (Atlantic sector of the Southern Ocean), where faunal data could be compared with depths as derived from backtracking (Katz and Miller, in press) . In this chapter the fol lowing bathymetric division was used, in agreement with that in Dailey (1983) and Berggren and Miller (1989) : neritic = <200 m; upper bathyal = 200-600 m; middle bathyal = 600-1000 m; lower bathyal = 1000-2000 m; upper abyssal = 2000-3000 m; lower abyssal = > 3000 m. Thus the faunas at the sites are clas sified as lower bathyal for Site 689 (Maestrichtian-Neogene), as lower bathyal to upper abyssal for Site 690.
The biostratigraphic information for the Paleogene was de rived from Wei and Wise (this volume: calcareous nannofossils, Oligocene-Recent), Pospichal and Wise (this volume, chapters 30, 32, and 37), Stott and Kennett (this volume, chapter 34, Ce nozoic planktonic foraminifers), and Huber (Maestrichtian plank tonic foraminifers, this volume). Paleomagnetic data are after SpieB (this volume, Cenozoic magnetostratigraphy) and Hamil ton (this volume, Maestrichtian magnetostratigraphy). For the Neogene a combination of data on biostratigraphy of siliceous microfossils and paleomagnetic information was used (Gersonde et al., this volume) . In this chapter, benthic faunal records are compared with the oxygen and carbon isotopic records in Bar- Kennett and Stott (this volume, Cenozoic benthic taxa) . Numer ical ages were derived from cross-correlation with the geomag netic polarity time scale of Berggren et al. (1985) , with modifi cations for the Paleogene as proposed by Aubry et al. (1988) . See Thomas et al. (this volume) for an overview of biostratigra phy and correlation with magnetostratigraphy and isotope stra tigraphy.
There are numerous unconformities in the Neogene parts of the section at both sites (Gersonde et al., this volume) . In addi tion, there is a major unconformity at Site 689 in Core 113-689B-22X, corresponding to most of the lower Eocene, and an other unconformity in the top of Core 113-689B-25X across part of the lower Paleocene. There is a short unconformity across the Cretaceous/Tertiary boundary at that site, as indicated by the absence of both nannofossil Zone CPla and an iridium anomaly (Michel et al., this volume Thomas, in press) .
The end of the Paleocene was the time of global extinction in deep-sea benthic foraminiferal faunas (Beckmann, 1960; Braga et al., 1975; Schnitker, 1979; Tjalsma and Lohmann, 1983; Boersma, 1984; Thomas in Barker et al., 1988; Thomas, 1989, in press; Katz and Miller, in press) . A de tailed description of benthic foraminiferal faunal events at that time, however, is difficult or impossible for many sections be cause of low sedimentation rates over the interval. In addition, the location of the Paleocene/Eocene boundary in the zonal schemes for different fossil groups for this interval is still under discussion (Odin and Curry, 1985; Berggren et al., 1985; Aubry et al., 1988; Obradovich, 1988) . Therefore it is important to document the location of the benthic foraminiferal extinction accurately at Site 690, where sedimentation rates over the top part of the Paleocene are estimated to be about 14.4 m/m.y., if data in Spiefi (this volume) are combined with the time scale by Aubry et al. (1988) . The benthic foraminiferal extinction has been placed in the upper Paleocene (boundary between plank tonic foraminiferal Zones P5 and P6a, Tjalsma and Lohmann, 1983) , but Boersma (1984) and placed the event closer to the boundary between planktonic foraminiferal Zones P6a and P6b (and thus the Paleocene/Eocene boundary as defined in Berggren et al., 1985) . This zonal boundary, how ever, is in the upper Paleocene according to Aubry et al. (1988) . Data in this chapter demonstrate that the benthic extinction oc curred at about 57.5 Ma in the Aubry et al. (1988) time scale, i.e., in the latest Paleocene, almost exactly in the middle of paleomagnetic Chron C24R, and close to, but just below, the boundary between planktonic foraminiferal Zones AP4 and AP5 as proposed by Stott and Kennett (this volume, chapter 34 ; this boundary can be correlated to the P6a/P6b boundary at lower latitudes according to these authors). The extinction occurred about in the middle of calcareous nannofossil zone CP8, well above the first appearance of Tribrachiatus bramlettei (Pospi chal and Wise, this volume, chapter 37).
Sample Preparation and Data Collection
Samples (15 cm 3 ) were taken at 1.5 m intervals, with addi tional samples (0.35 m) in parts of the section where major changes occurred in the faunas. For this chapter, samples were analyzed at 1.5 m intervals from the bottom of the hole through the lower Oligocene at Site 690, from the bottom of the hole through the middle middle Eocene at Site 689. For the higher part of the sections at Sites 689 and 690, two samples per core (9.6 m) were analyzed. All samples from the lowermost Miocene and below contained sufficient specimens for study, but samples from the middle Miocene and up were largely barren of calcare ous and agglutinated forms (with the exception of an interval in the upper Miocene and close to the surface).
Samples were dried at 75°C, soaked in Calgon, and washed through a sieve with openings of 63 yum; residues were dried at 75°C. Specimens were studied in the larger than 63 jum size frac tion to ensure representation of smaller species (Thomas, 1985 (Thomas, , 1986a Schroeder et al., 1987) . At the beginning of the study, rarefaction curves were drawn for some samples (plots of num ber of specimens versus number of species, obtained while count ing specimens and species; Thomas, 1985) . The curves became parallel to the species axis at about 270 specimens for the more diverse samples in middle Eocene and lower; at about 180 speci mens for the less diverse samples from the Oligocene and up. Therefore, 300 specimens or more were counted in the lower samples; 250-300 specimens in the higher samples. A plot show ing number of species versus number of specimens counted per sample for the two sites shows no correlation between these two, demonstrating that the species were well-represented within a sample size of 300 specimens (Fig. 2) .
Part of each sample was spread in a tray to make an estimate of how much material would be needed to recover about 300 specimens of benthic foraminifers; then this material was added again to the rest of the sample, and a split was made of the esti mated size. Additional splits were made when needed.
The most used sources of taxonomic information were Beckmann et al. (1982) , Cushman (1946) , Plummer (1926) , Berggren and Aubert (1975; 1976a, b) , Sliter (1976) , Proto-Decima and Bolli (1978) , Basov and Krasheninnikov (1983), Miller (1983) , , Tjalsma and Lohmann (1983) , Dailey (1983) , Miller et al. (1984) , Wood et al. (1985) , Morkhoven et al. (1986) , and Loeblich and Tappan (1988) . The taxonomy in this chapter closely follows Morkhoven et al. (1986) , except for the place ment of the species beccariiformis in the genus Gavelinella in stead of Stensioina.
RESULTS
Presence and Preservation of Benthic Foraminifers
Benthic foraminifers were common in most samples studied (a list of all taxa recognized is in Appendix 1; counts are in Ap pendix 2, back pocket). Preservation varied; there was strong dissolution in samples from Neogene siliceous oozes at both sites, and most samples from the middle Miocene and higher at Site 690. The lower Miocene and higher at Site 689 were barren of calcareous benthic foraminifers or contained only very few specimens. In these samples agglutinated benthic foraminifers were rare (a few specimens of Martinotiella antarctica per sam ple) or absent. Commonly the few calcareous specimens were present within burrows, and thus probably derived from CaC0 3 -containing levels higher and lower in the section. There were ob vious signs of CaC0 3 -dissolution in samples from the lower Mi ocene through the upper Eocene at both sites, with the lower most presence of radiolarians in the > 63 /an fraction and the lowermost signs of CaC0 3 -dissolution in Cores 113-690B-12H and 689B-17H (Zone CP14a, upper middle Eocene, Wei and Wise, this volume). Below that level dissolution was no prob lem, but at some levels (close to unconformities) specimens were commonly bored by fungi and abraded. Specimens in samples from close to the Cretaceous/Tertiary boundary were commonly overgrown with calcite, or encrusted. In the lower part of Hole 690C and 689B (lower Maestrichtian; Barker et al., 1988) intervals are strongly indurated, and samples from these levels could not be processed.
Benthic Foraminiferal Assemblages
Faunas at Sites 689 and 690 differ in relative abundances of some species but are similar as to species composition (Figs. 3, 4, back pocket); the diversity was lower at all times at the shal lower Site 689. Deep-sea benthic foraminiferal faunas are largely cosmopolitan (e.g., Douglas and Woodruff, 1981) , and the Neo gene faunas from Maud Rise resemble faunas from lower latiudes in their most abundant components (Thomas, 1985; 1986a,b; Woodruff, 1985) , although diversity is lower at Maud Rise. Ne ogene faunas also resemble Recent faunas in the Weddell Sea from the areas where deep waters enter in the Weddell Gyre (Echols, 1971; Anderson, 1975) . Paleogene faunas are very sim ilar to coeval faunas from lower latitudes, as described by Vin cent et al. (1974) , Proto-Decima and Bolli (1978) , Schnitker (1979) , Tjalsma and Lohmann (1983) , Boersma (1984) , Wood et al. (1985) , , and Katz and Miller (1988, in press ). There is a particularly striking resemblance between Eocene-Oligocene faunas from Maud Rise and coeval faunas from the northern Atlantic (Berggren and Aubert, 1976a, b; Murray, 1984) because of the high relative abundance of Stilostomella species. Similarly, the Upper Cretaceous faunas resem ble those from lower latitudes, as described by Sliter (1976) and Basov and Krasheninnikov (1983) from the Falkland Plateau, Dailey (1983) from the Rio Grande Rise, and Nyong and Olsson (1984) from the New Jersey continental margin and North At lantic.
At each site eight assemblages could be recognized (Figs. 3, 4, back pocket). The assemblages were distinguished using a combination of data on presence-absence of species with a rela tively short range, and relative abundances of the more com mon or dominant species. The boundaries between these assem blages are coeval at the two sites, at least within the presently available biostratigraphic resolution (Table 1) .
Assemblage 8: lower Maestrichtian
Assemblage 8 occurs in samples from the bottom of Hole 689B to 257.51 mbsf (Samples 113-689B-33X, CC, through 113-689B-28X-2, 41 cm) and from the bottom of Hole 690C to 273.31 mbsf (Samples 113-690C-11X, CC, through 113-690C-18X-2, 41 cm), with an estimated age of 74-69 Ma.
The lowermost sediments at Sites 689 and 690 are either low ermost Maestrichtian or upper Campanian (Huber, this volume; Pospichal and Wise, this volume, chapter 30) . Benthic forami niferal assemblages contain several species described as having their first appearance in the upper Campanian-Maestrichtian at Hole 511, in Core 511-24 (Falkland Plateau, Basov and Krash eninnikov, 1983) . Core 511-24 was assigned to the uppermost Campanian by Wind and Wise (1983) , but the location of the Campanian/Maestrichtian boundary at that level is not certain (Pospichal and Wise, this volume, chapter 30), and typical indi cators of the Campanian were not found at Sites 690 and 689, nor in Core 511-24. Planktonic foraminiferal data are in agree ment with the correlation of Cores 113-689B-31X through 113-689B-33Xand 113-690C-21X and 113-690C-22X with Core 511-24 (Huber, this volume) .
The oldest benthic foraminiferal assemblage, assemblage 8, is slightly less diverse than the younger assemblage 7, especially at the shallower Site 689 (average number of species at Site 689: 49; at Site 690: 63). Paleodepths for this assemblage are esti mated at 1000-1500 m (lower bathyal) for Site 689 and at 1500-2000 m (lower bathyal) for Site 690. Gavelinella beccariiformis is more abundant in this assemblage than in any other one. Other common species are Oridorsalis nitidus, Spiroplectammina aff. spectabilis, Quadrimorphina cretacea, Praebulimina reussi, and Neoeponides species. Globorotalites spineus occurs in some samples in the lower part of Hole 690C, and Coryphostoma incrassata shows very strong fluctuations in relative abun dance at both sites. Angulogerina szajnochae is present in many samples, as is Quinqueloculina longirostra. Uniserial lagenids are common and diverse, and Stilostomella spp. are less com mon than in higher assemblages but present in most samples. Gyroidinoides quadratus is rare or absent at Site 689, present in most samples at Site 690.
The upper boundary of the assemblage is difficult to locate precisely at Site 690, where there appears to be a zone of grad ual faunal changes rather than a sharp boundary. At Site 689 the boundary was picked at the first appearance of Alabamina creta and Osangularia navarroana; at Site 690 there is an inter val in which A. creta, Bulimina midway, and O. navarroana have their first appearance, and the boundary was picked at the top of this short interval; this is very close to (but above) the level of first appearance of the planktonic foraminiferal species Abathomphalus mayaroensis (Huber, this volume) , at the bound ary of the Cribrosphaerella daniae/Nephrolithus corystus sub zones within the Nephrolithus frequens Zone (Pospichal and Wise, this volume, chapter 30), and at the boundary between Chrons C31N and C31R (Hamilton, this volume).
Assemblage 7: upper Maestrichtian-lower Paleocene
Assemblage 7 occurs in samples from 256.01 through 227.61 mbsf at Site 689 (Sample 113-689B-28X-1, 41 cm, through 113-689B-25X-1, 101 cm) and from 271.81 through 218.06 mbsf at Site 690 (Samples 113-690C-18X-1, 41 cm, through 113-690C-12X, CC), with an estimated age of 69 through 62 Ma.
Assemblage 7 is characterized by a slightly higher diversity than the older assemblage 8 (average number of species at Site 689: 54; at Site 690: 65), the rare to common presence of G. beccariiformis and Stilostomella spp., the absence of B. thanetensis, and the presence of Bulimina midway (although the latter is rare at Site 689). Osangularia navarroana is common at Site 689 and in the lower samples of the assemblage at Site 690. Nuttallides truempyi is consistently present (few to rare) at Site 690, and has strong fluctuations in relative abundance at Site 689; Oridorsalis nitidus occurs in many samples, especially at Site 689. Uniserial lagenid species and lenticulinids are common and di verse. Gyroidinoides quadratus occurs rarely in most samples at Site 690.
There is no major extinction event at the Cretaceous/Tertiary boundary; the boundary appears to be well represented at Site 690, where an iridium anomaly is present at 247.88 mbsf (Mi chel et al., this volume) . At Site 689 there is an unconformity across the boundary (at 233.44 mbsf, Pospichal and Wise, this volume, chapter 32), and no iridium anomaly was detected (Mi chel et al., this volume). Three species have a last appearance close to that boundary at Sites 689 and 690: Coryphostoma incrassata, Praebulimina reussi, and Spiroplectammina aff. spectabilis. Angulogerina szajnochae has its last appearance before the Cretaceous/Tertiary boundary, and Globorotalites conicus is absent at Site 689 and extends into the lower Tertiary at Site 690. Bulimina simplex first appears just above the Cretaceous/ Tertiary boundary at the two sites, and Tappanina selmensis first appears at the same level at Site 690 but higher at Site 689. Overall, less than 14% of all species had a last appearance within 0.5 m.y. intervals above and below the boundary at Site 689, less than 9% at Site 690 (Thomas, in press ).
The upper boundary of assemblage 7 was selected at the first appearance of B. thanetensis and R. carpentierae. Cibicidoides pseudoperlucidus has its first appearance just below this level, as does Siphogenerinoides brevispinosa. This boundary occurs at an unconformity (between calcareous nannofossil zones CP3 and CP7) at Site 689, close to the boundary between zones CP4 Berggren et al. (1985) as modified by Aubry et al. (1988) . Correlation with planktonic fo raminiferal zones was added for ease in correlating assemblages with the zonal scheme in Berggren and Miller (in press ) and the range charts in Morkhoven et al. (1986) , and de rived from cross-correlation of the standard planktonic foraminiferal zones with the pro posed Antarctic planktonic foraminiferal zones in Stott and Kennett (this volume, chapter 34) .
and CP5 at Site 689 (Pospichal and Wise, this volume, chapter 37), and at the boundary between planktonic foraminiferal as semblages AP2 and AP3 (correlated with the P3a/P3b zonal boundary by Stott and Kennett, this volume, chapter 34). Paleo magnetic data are not available for this interval.
Assemblage 6: upper Paleocene
Assemblage 6 occurs in samples from 219.56 through 208.36 mbsf at Site 689 (113-689B-24X, CC, through 23X-1, 116 cm), from 215.81 through 170.65 mbsf at Site 690 (113-690C-12X-2, 41 cm, through 113-690C-19H-3, 75 cm), with an estimated age of 62 through 57.5 Ma.
Assemblage 6 is slightly less diverse than the older assem blage 7 (average number of species: 51 at Site 689, 62 at Site 690), although overall the diversity is high throughout assem blages 6 through 8 at Sites 689 and 690 (average number of spe cies: 50 at Site 689, 64 at Site 690). At Site 690 the most com mon species of assemblage 6 are Siphogenerinoides brevispinosa, Rectobulimina carpentierae, Bulimina thanetensis, and Stilostomella spp., with N. truempyi, Pullenia coryelli, and Gavelinella beccariiformis present in all samples. Alabamina creta, Oridorsalis nitidus, and Bolivinoides laevigatus have a last ap pearance in the assemblage 6 interval but are more common in older assemblage 7. At Site 689 the assemblage occurs in a few samples only, because of the presence of an unconformity (cor responding to calcareous nannofossil Zones CP4-CP6) in Core 689B-25X-1, 12 cm. At Site 689 the same species are present as at Site 690, but G. beccariiformis is much more common, whereas the relative abundance of TV. truempyi fluctuates strongly. Uniserial lagenid and lenticulinid species are common and diverse at both sites.
The upper boundary of assemblage 6 is sharp (it occurs be tween Samples 113-690B-19H-3, 41 cm, and 113-690B-19H-3, 75 cm, and between Samples 113-689B-23X-1, 41 cm, and 113-689B-23X-1, 116 cm). This boundary is at the level of last ap pearance of many species, including Gavelinella beccariiformis, Gavelinella hyphalus, Neoflabellina semireticulata, Neoflabellina jarvisi, Bolivinoides delicatulus, and Pullenia coryelli (Figs. 3, 4) . This level is within paleomagnetic Chron C24R, within cal careous nannofossil Zone CP8 (Pospichal and Wise, this vol ume, chapter 37) and slightly (30 cm) below the boundary of planktonic foraminiferal Zones AP4 and AP5, which can be correlated with the P6a/P6b zonal boundary (Stott and Ken nett, this volume, chapter 34). Assemblage 5 has an unusually low diversity (average num ber of 34 at Site 689, 46 at Site 690). The diversity is lowest (25-35 species) in the lower samples of the assemblage, then be comes higher at Site 690. The samples with lowest diversities are 113-690B-19H-3, 41 cm (170.31 mbsf) through 113-690B-18H-6, 41 cm (165.11 mbsf)-At Site 689 the stratigraphic equivalent of the more diverse upper part of the assemblage is not represented in the sediments because of an unconformity at 113-689B-22X-4, 35-45 cm (representing nannofossil Zones CP9 through 12, i.e., the lower Eocene; Pospichal and Wise, this volume, chapter 37).
The most common constituents of the assemblage are small "buliminid" species such as Tappanina selmensis, Bulimina simplex, Siphogenerinoides brevispinosa, Bolivinoides sp., Bulimina ovula, and Fursenkoina sp. 1. In most samples one or two of these species are dominant, but the dominant species varies. Bulimina trinitatensis is rare but present in most samples. Nuttallides truempyi is present in most samples, but at strongly varying abundances, and N. umbonifera is present in most samples, but few to rare specimens. Cibicidoides pseudoperlucidus and Oridorsalis umbonatus are also rare but commonly present, espe cially in the higher (more diverse) part of the assemblage. Globocassidulina subglobosa and Pullenia bulloides first appear in this assemblage but are rare. Unilocular species and uniserial la genids are rare in the lowest diversity samples, more common in more diverse samples. Rare to few Aragonia aragonensis are present in the uppermost and lowermost samples of the assem blage only. Unilocular species and uniserial lagenids are rare in the lower diversity interval and become more abundant with in creasing diversity.
The upper boundary of assemblage 5 was taken at the first ap pearance of Siphogenerinoides eleganta, occurring at the CP8-CP12 unconformity at Site 689. At Site 690 the stratigraphic level of this boundary also appears to occur at an unconformity. At this site the benthic foraminiferal boundary occurs close to the boundary between calcareous nannofossil Zones CPU and CP12 (Pospichal and Wise, this volume, chapter 37). Zones CP10-11 and CP12 are very thin at Site 690, and there appears to be an unconformity within Core 113-690B-15H (at about 133 mbsf). SpieB (this volume) suggests that the unconformity covers the lower part of Chron C22R, and a large part of C23 (from 52.80 through 54.65 Ma), corresponding to the lower part of calcareous nannofossil Zone CPU and the upper part of CP10. The benthic foraminiferal boundary corresponds to the planktonic foraminiferal boundary between Zones AP6b and AP7 (Stott and Kennett, this volume, chapter 47), correlated with the P9/P10 boundary by these authors. Assemblage 4 differs from the older assemblage 5 and all younger assemblages because of its greater diversity (which does not reach the even higher diversity of assemblages 6 through 8, however): the average number of species is 45 at Site 689, 55 at Site 690. The assemblage differs from all other assemblages be cause of the high relative abundance of large, thick-walled bu liminid species, the most common of which is Bulimina semicostata; others are Bulimina callahani at Site 689 and Bulimina trinitatensis at both sites. Bulimina simplex, a small buliminid species, is also common, as are some Fursenkoina species and Siphogenerinoides eleganta. Uniserial lagenid species and lenti culinids are as common and diverse as in the older assemblages but much more common and more diverse than in the younger assemblages. Nuttallides truempyi is present in most samples at fluctuating relative abundances, as is Oridorsalis umbonatus; Cibicidoides praemundulus is rare in most samples, Nonion havanense is present in most samples. Stilostomella species are common.
The assemblage is subdivided in two subassemblages: assem blage 4B (the lower part) is transitional between assemblages 4 and 5. In samples of subassemblage 4B, Bulimina semicostata is absent, but Siphogenerinoides eleganta is present. In addition, several species that are abundant in assemblage 5 and absent in assemblage 4A (e.g., Tappanina selmensis and Aragonia aragonensis) are present at very low relative abundances. The bound ary between subassemblages 4A and 4B is taken at the first ap pearance of B. semicostata, which is in calcareous nannofossil Zone CP12 (Pospichal and Wise, this volume, chapter 37), and close to the boundary between paleomagnetic Chrons C22R and C22N (SpieB, this volume). The nature of this assemblage bound ary is uncertain, however, because just below the assemblage boundary there is a major unconformity at Site 689 (Zone CP13 on Zone CP8), and there are stratigraphic problems at Site 690 (see above; the first appearances of Discoaster lodoensis and Discoaster sublodoensis are very close to each other, and there may be an unconformity covering a large part of calcareous nannofossil Zone CP10-11). Therefore, the upward extension of ranges of the species that are typical for assemblage 5 may be due to reworking across unconformities, and "subassemblage 4B" might represent an interval in which some material from as semblage 5 is reworked into assemblage 4.
At Site 690 the upper boundary is taken at the last common appearance of Bulimina semicostata and Siphogenerinoides eleganta. At Site 690 this last appearance occurs within the lower part of Core 113-690B-12, in which core there is lithologic evi dence (scour-and-fill) of several unconformities. The boundary occurs at the boundary between calcareous nannofossil Zones CP13 and CP14, in paleomagnetic Chron C20N. A few speci mens of B. semicostata and S. eleganta occur above the bound ary, but these specimens are abraded and might represent re working. At Site 689 the boundary is taken at the last appear ance (not the last common appearance) of these two species, which occurs just below the boundary between calcareous nan nofossil Zones CP13 and CP14 (Pospichal and Wise, this vol ume, chapter 30), in Chron C20N (SpieB, this volume), and at the boundary between planktonic foraminiferal zones AP9 and AP10, which was correlated with the P11/P12 zonal boundary (Stott and Kennett, this volume, chapter 34).
Assemblage 3: middle Eocene-upper Eocene
Assemblage 3 occurs in samples from 167.31 through 131.81 mbsf at Site 689 (Samples 113-689B-19H-1, 41 cm, through 689B-15H-2, 41 cm), and from 106.71 through 94.01 mbsf at Site 690 (113-690B-12H-6, 41 cm, through 113-690B-11 H-4, 41 cm), with an estimated age of 46 through 38.5 Ma.
Assemblage 3 differs from assemblage 4 because of the ab sence of large buliminid species and the lower diversity (average of 39 species at Site 689, 45 at Site 690), and a much higher rela tive abundance of Nuttallides umbonifera and Stilostomella spe cies. Typical of this assemblage is the common or abundant presence of Bulimina elongata. Oridorsalis spp. are common and Cibicidoides praemundulus is common in many samples, Cibicidoides mundulus in the upper samples at Site 689. Epistominella exigua is rare in most samples. Nuttallides truempyi has its last appearance in the last sample of the assemblage at Site 690, in the middle at the shallower Site 689. Bolivina huneri oc curs consistently in the lower samples at both sites.
The upper boundary of assemblage 3 was taken at the first appearance of Turrilina alsatica and the concurrent last appear ance of Bulimina elongata. This boundary is very sharp at Site 690 because of the presence of an unconformity in Core 113-690B-11H-3 (corresponding to the duration of Zone CP15b, Wei and Wise, this volume). At Site 689 the boundary is some what more gradual and taken at the very sharp decrease in rela tive abundance of B. elongata, which occurs at the same place in the section as the first appearance of the calcareous nanno fossil species Isthmolithus recurvus (the lower boundary of Zone CP15b, Wei and Wise, this volume). This level occurs within pa leomagnetic Chron C16N (Spiefi, this volume) and is slightly below the boundary between planktonic foraminiferal Zones API2 and API3 (correlated with the P16/P17 zonal boundary by Stott and Kennett, this volume, chapter 34).
Assemblage 2: topmost Eocene-lower Miocene
Assemblage 3 occurs in samples from 130.31 through 52.84 mbsf at Site 689 (113-689B-15H-1, 41 cm, through 113-689B-6H, CC) and from 92.51 through 40.78 mbsf at Site 690 (113-690B-11H-3, 41 cm, through 690B-5H, CC), with an estimated age of 38.5 through 14.5 Ma.
Sufficient specimens for study were present in all samples; the diversity is lower than in samples with assemblage 3 (average of 34 species at Site 689, 39 species at Site 690). Assemblage 2 is characterized by the very common to abundant occurrence of Nuttallides umbonifera and several species of Stilostomella (Figs.  3, 4) . Assemblage 2 faunas at Sites 689 and 690 are more similar to each other than the faunas of younger assemblage 1 at both sites because there is more difference between faunas from as semblage 1 and 2 at Site 690 than there is at Site 689. Common species are Cibicidoides mundulus, Oridorsalis spp., Pleurostomella spp., Epistominella exigua, and Globocassidulina subglobosa. Cibicidoides praemundulus is present in the lower samples at Site 689, and Turrilina alsatica is very common to abundant in the lower samples at both sites (Figs. 3, 4) .
At Sites 689 and 690 there is a barren interval between levels with assemblage 1 and those with assemblage 2; the barren in terval can be dated as middle-upper Miocene (14.9-11.55 Ma) using data on the diatom and radiolarian assemblages in combi nation with paleomagnetic data (Gersonde et al., this volume, Thomas et al., this volume) . The boundary between assem blages 2 and 1 is clearly defined at Site 690: at that site all spe cies of Stilostomella and Pleurostomella have a last appearance, as do C. mundulus and N. umbonifera, at the same level where miliolid species first appear (Fig. 4A) . At Site 689 the relative abundance of Stilostomella spp. and Pleurostomella spp. de creases, while that of the miliolid species increases (Fig. 3A) . A similar decrease in relative abundance of cylindrical species con current with an increase in relative abundance of miliolid spe cies occurred at the end of the early Miocene at several sites in the equatorial Pacific (Thomas, 1985) .
Assemblage 1: upper Miocene-Pleistocene
This assemblage is present in the mud-line samples of both sites, and in a few upper Miocene samples in the top half of Core 113-689B-6H (45-47 mbsf) and in the lower meter of Core 113-690B-4H (30-31 mbsf; ages after Gersonde et al., this vol ume). In most samples from the middle Miocene and up, ben thic foraminifers are absent. The diversity is low for bathyalabyssal faunas: the average number of species was 27 (Site 689) and 34 (Site 690). Common species at both sites are Epistominella exigua, Gyroidinoides spp., Globocassidulina subglobosa, unilocular species, Melonis sphaeroides, several species of Bolivina and Fursenkoina, Oridorsalis spp., Cibicidoides wuellerstorfi, and several species of Pyrgo and Quinqueloculina. At Site 689 Cibicidoides mundulus and Nuttallides umbonifera are common to abundant, but these species are absent at Site 690.
Interpretation of the Benthic Faunal Assemblages
Data on deep-sea benthic foraminifers are difficult to present concisely because the assemblages are extremely diverse, and numerous species have to be taken into account. In this chapter the information present in the raw counts (Appendix 2, back pocket) is simplified as follows:
1. The number of first and last appearances in each sample was counted and plotted cumulatively versus sub-bottom depth (see also discussion in Thomas, 1986b) to ascertain whether these faunal events are spread evenly over the section or whether they are concentrated at some intervals.
2. The number of species in each sample was plotted versus sub-bottom depth to ascertain whether diversity fluctuated hap hazardly or was subject to long-time trends.
3. Species were grouped according to their presumed envi ronmental preference by comparing their test morphology with the morphology of the epifaunal (rounded trochospiral, plano convex trochospiral, milioline, biconvex trochospiral) and in faunal morphogroups (rounded planispiral, flattened ovoid, ta pered and flattened tapered, spherical) as described in Recent faunas by Corliss and Chen (1988) ; see Appendix 1 for grouping of the described taxa. A third group consists largely of cylindri cal species, i.e., belonging to the uniserial lagenids Stilostomella spp., and Pleurostomella spp. (see also Thomas, 1985; 1986a, b) . These species might have had an infaunal way of life (Cor liss, written comm., 1989).
First and Last Appearances
The benthic foraminiferal record at Sites 689 and 690 covers the Maestrichtian and a large part of the Cenozoic, so that a long-term record of first and last appearances could be obtained. Faunal events are difficult to quantify for deep-sea benthic fora miniferal faunas because these faunas are very diverse and many species are rare (<5% relative abundance). Usually the most common species have very long ranges and the shorter-range species are rare, so their first and last appearances cannot be lo cated precisely. In addition, first and last appearances at a spe cific sites are usually not coeval worldwide: deep-sea benthic spe cies are known to migrate both laterally and vertically (Thomas and Vincent, 1987; Kurihara and Kennett, 1988) . For many spe cies it is not possible to determine from the literature whether a first or last appearance is synchronous over large distances, be cause of confusion in taxonomic concepts. In this chapter, all species occurring in one or two samples only were discarded from the dataset, and then the first and last appearances of all remaining species were counted. Therefore, the numbers of first and last appearances are a mixture of migrationary and evolu tionary events (see also discussion in Thomas, 1986b) . Faunal events do not occur evenly spaced over time but are clustered within limited intervals, at the assemblage boundaries (Fig. 5) . Obviously we can only consider these clusters appearing at lev els where there are no detectable unconformities (see Results section, above).
At Site 689 there appear to be some intervals with an in creased number of first appearances during the lower Maes trichtian, but these are probably due to recovery gaps. There was no major extinction event at the Cretaceous/Tertiary bound ary at either of the two sites: at Site 689 only 13.9% of the taxa has a last appearance within 1 m.y. of the boundary, at Site 690 only 8.3% of the taxa (see also Thomas, in press ). The interval with these last appearances started before the Cretaceous/Ter-Number of faunal events Figure 5 . Number of last appearances (left curve, x) and first appearances (right curve, + marks sum of first and last appearances in each sample) plotted cumulatively versus sub-bottom depth, starting at 0 at the mud-line sample. Horizontal lines indicate the location of the assemblage bounda ries, numbers 1 through 8 indicate the assemblages. Note that the first and last appearances are not necessarily evolutionary first appearances and extinctions: all first and last appearances were plotted, whether they are known to occur globally at a similar level or not (migrationary first and last appearances are included). The curves give an indication of periods in which faunas were stable (curves close to parallel to the depth axis) and periods in which faunas showed turnover (curves close to parallel to the events axis). In this figure The most important interval of last appearances is clearly the boundary between assemblages 6 and 5 (at a level where there were probably no unconformities, as described above), repre senting the major benthic foraminiferal extinction at the end of the Paleocene, which has been reported in many other sections (Beckmann, 1960; Braga et al., 1975; Schnitker, 1979; Tjalsma and Lohmann, 1983; Katz and Miller, 1988, in press ). The event is unusual in its suddenness (less than 35 cm, corresponding to less than 25,000 years at Site 690) and scope (last appearance of 37.3% of the taxa at Site 690), and stands out as the largest extinction interval (as given by the largest number of last appearances per time) during the complete pe riod from the lower Maestrichtian through Neogene.
Diversity
A simple measure of diversity is species richness, the number of species present in each sample (about 300 specimens, see Ma terial and methods section). The record of the number of spe cies present at Site 690 appears easier to read than that at Site 689 (Figs. 6A, B) . At Site 690 the diversity is high, fluctuates, but is overall constant in the part of the section containing as semblages 6 through 8 (Maestrichtian through Paleocene). There is a very sharp drop in diversity in the uppermost Paleocene and an interval with low diversity in uppermost Paleocene-lowermost Eocene (Fig. 6A) . The low-diversity interval corresponds to less than 0.5 m.y. (depending upon the time-scale used), and would have been about 350,000 years according to the Aubry et al. (1988) time scale. Preliminary data on ostracode faunas from Site 690 indicate the presence of an as yet undescribed, non-an alog fauna in the interval of lowest diversity of the benthic fora minifers; these ostracode faunas are at the generic level similar to the much younger (Neogene), deep-thermospheric faunas from the Mediterranean (P. Steineck, written comm., 1989). Unusu ally low values of <5 13 C and 5 18 0 were measured in benthic fora minifers, planktonic foraminifers, and bulk material from the short interval with low-diversity benthic foraminiferal faunas (Kennett and Stott, this volume; Stott et al., this volume; Shack leton and Hall, this volume) .
The benthic foraminiferal diversity recovered partially after this period of 350,000 years but never reached the high values of the lower part of the section. The highest diversity of the section above the Paleocene occurs around the boundary between as- 14.9 Ma) the diversity fluctuates; there is another drop at the boundary between assemblages 2 and 1 (the barren interval from 14.9-11.55 Ma). The samples from the mud line have a some what higher diversity than lower samples from assemblage 1, but this may be a preservational effect; the mud-line samples contain several fragile agglutinated species (such as Marsipella sp. and Psammosphaera fusca) that have been reported to fall apart within the sediment (Echols, 1971) . The record from Site 689 shows the same characteristics, but it is somewhat obscured by greater variability and recovery gaps in the Paleocene-Eocene part of the section. A histogram of the average values of sample number at both sites clearly demonstrates the parallel trends in species diversity at both sites (Fig. 6B) , and the consistently lower diversity at the shallower Site 689.
Faunal Composition
The relative abundances of infaunal and epifaunal species show strong changes over time (Figs. 7A, B and 8A, B) , as does the relative abundance of cylindrical species (Fig. 9A, B) . Data on assemblage 1 are scarce (few samples); infaunal species were not very common in assemblage 2 (the second youngest) and as semblages 7 and 8 (the oldest). Percentages of infaunal species were higher in assemblages 3 and 6, although data on assem blage 6 are incomplete at Site 689 because of unconformities. The highest relative abundance of infaunal species is in samples than 10% of the fauna) in all assemblages except assemblage 1. They are most common in assemblages 2 through 4 at both sites, with the highest relative abundances at Site 689. The rec ord of faunal composition at Site 689 shows a greater variability than that at Site 690, as did the record of diversity (see above, Fig. 6A, B) . The number of specimens belonging to infaunal species shows a significant negative correlation to the number of species belonging to epifaunal species at Sites 689 (r = -0.66, n = 88) and 690 (r = -0.75, n = 185), and no correla tion to the number of species belonging to cylindrical species (689: r = -0.01; 690: r = -0.02). The number of specimens belonging to epifaunal species, however, does show a significant negative correlation to the number of specimens belonging to cylindrical species (689: r = -0.46; 690: r = -0.45; signifi cance >99.9%). This suggests that the cylindrical species might have been living infaunally, as Corliss (written comm., 1989) has suggested. Therefore additional figures are shown for the combined percentages of infaunal and cylindrical species (Figs.  10A, B ). These figures are very similar to the plots for infaunal species, and the argument on the meaning of changes in relative abundances of infaunal species (see below) runs the same, whether cylindrical species are kept separate or whether they are treated as infaunal species. The overall trend in the varying rela tive abundances of infaunal and epifaunal species shows that there is greater resemblance between the oldest and youngest as semblages (as to morphology of the dominant taxa: dominant from assemblage 5 (up to 85%), especially in the low-diversity samples just above the major extinction event in the uppermost Paleocene (Fig. 7A) . The abundance of cylindrical species is dif ficult to evaluate; these species were common (present as more additional work to increase the resolution in the upper part of the holes at both sites. The benthic foraminiferal record alone suggests several interesting possibilities as to deep-water circula tion, but the data must be combined with data on the plank tonic micro-and nannofossil groups, the paleomagnetic record, and the isotopic records and the data on clay mineral content for a more complete paleoceanographic analysis. Common deep-sea benthic foraminiferal species generally have long ranges (e.g., Boltovskoy, 1987) , and usually changes in their faunas take at least 1 million years (e.g., Thomas, 1985; 1986a; Thomas and Vincent, 1987; Thomas and Vincent, 1988; Berggren and Miller, 1989) . Compar ison of the benthic faunal record from Sites 689 and 690 with a proposed bathyal to abyssal benthic foraminiferal zonation (Berg gren and Miller, 1989) suggests that major faunal changes in deep-water benthic foraminifers occurred globally: within the biostratigraphic resolution presently available the assemblage boundaries at the Maud Rise sites appear to be synchronous with the zonal boundaries in Berggren and Miller (1989) , with the exception of the faunal changes in the late Eocene (assem blage 2/3 boundary), which occurred earlier at the Maud Rise sites (38.5 vs. 36.6 Ma). Discrete first and last appearances, however, are not coeval over long distances: most of the first and last appearances used to delineate the zonal boundaries by Berggren and Miller (1989) could not be recognized at Sites 689 and 690 either because of the rarity of the marker species pro posed by these authors or because these first and last appear ances occurred at different times at the Maud Rise sites. The epifaunal species) than between these and the taxa in the "mid dle" (lower Eocene), in which infaunal taxa dominate (Fig. 7B) .
DISCUSSION
The record of deep-sea benthic foraminifers from Sites 689 and 690 is the longest available quantitative record of such fau nas. Complete interpretation of the data set, however, requires range of the distinct species Bulimina semicostata, for instance, is much shorter at the Maud Rise sites than at many other loca tions (Morkhoven et al., 1986; Berggren and Miller, 1989) . There fore it is probably more useful to recognize periods of faunal change in benthic foraminiferal records and to correlate these periods of change than use formal zones and marker species (see also Thomas, 1986a) .
The benthic foraminiferal record strongly suggests that the event at the end of the Paleocene was unique, both in its magni tude and in its very short duration: all other faunal changes ap pear to be much more gradual (see Fig. 6A for Site 690). Benthic foraminiferal faunas underwent severe extinction globally at this time (Beckmann, 1960; Braga et al., 1975; Schnitker, 1979; Tjalsma and Lohmann, 1983; Katz and Miller, in press ), but there were no extinctions of surface-dwelling or terrestrial organisms of a comparable magnitude: it was a pe riod of low overall extinction rates (Raup and Sepkoski, 1986) . Planktonic foraminiferal faunas underwent faunal change at the Paleocene/Eocene boundary, but this change was considerably less than the major extinction at the end of the Cretaceous, whereas the reverse is true for the benthic foraminifers.
At Sites 689 and 690 many species that became extinct at the end of the Paleocene were probably trochospiral morphotypes, and as such may have been epifaunal (e.g., Gavelinella spp., Gyroidinoides spp., Neoeponides spp.). The extinction (occur ring over less than 25,000 years) was followed by a period (about 350,000 years) of low diversity and strong dominance of in faunal species (Fig. 6A ). This short interval is also characterized by extremely low <5 18 0 and «5
13
C values in benthic foraminifers (Kennett and Stott, this volume) .
Variations in the relative abundance of infaunal and epi faunal species in Recent faunas reflect variations in the avail ability of organic carbon to the bottom-dwelling fauna (Corliss and Chen, 1988) . Dominance of infaunal taxa has been recorded Infaunal species (incl. cylindrical) Figure 10 . A. Percentage of specimens belonging to infaunal species, if the cylindrical taxa plotted in Figure 9A are also infaunal; i.e., the sum of the numbers plotted in Figures 7A and 9A . B. Histogram averaging the data shown in A by assemblage. diversity and strong increase in relative abundance of infaunal species: comparison with data on Recent faunas thus suggests that this extinction might have been caused by an increase in surface productivity (causing the strong increase in relative abun dance of infaunal species).
Increased productivity appears not to be the most probable explanation of the increase in relative abundance of infaunal species at the end of the Paleocene, however, because there is no confirmation of increased productivity in the planktonic fora miniferal or isotopic records. Shackleton et al. (1985a) and Shackleton (1987) suggested that there was a decrease in surface productivity at the end of the Paleocene, to explain the strong decrease in 5 13 C in bulk carbonate at sites on the Walvis Ridge (southern Atlantic Ocean) (reflecting the isotopic composition of dissolved carbonate in surface waters) at that time. This strong decrease (about 2%o, from + 3.5%o to + 1.5%o) in 5 13 C in bulk carbonate was, however, accompanied by an equally strong de crease in <5 13 C in the benthic record , so that there was no major change in surface-to-deep-water gradient in <5 13 C at the time. Such a decrease in gradient has been observed in samples from just above the Cretaceous/Tertiary boundary, a period in which surface productivity decreased dramatically (Zachos and Arthur, 1986; Arthur et al., 1987) , whether this de crease was caused by the impact of an asteroid (e.g., Alvarez, 1986) or extensive volcanism (Officer et al., 1987) . Thus the strong, worldwide decrease in 5 13 C of benthic foraminifers, plank tonic foraminifers and bulk carbonate (which was also observed at Sites 689 and 690; see Kennett and Stott, this volume; Stott et al., this volume; Shackleton and Hall, this volume) from areas with a high flux of organic carbon to the ocean floor, or with low levels of dissolved oxygen in the bottom wa ters (e.g., Sen Gupta et al., 1981; Lutze and Coulbourn, 1984; Caralp, 1984; Thomas, 1986b; Bernard, 1986) . Thus such fau nas appear to indicate a high productivity of primary producers in the surface waters, or good preservation (thus lack of oxida tion) of organic material, or a combination of these. The extinc tion at the end of the Paleocene was followed by a period of low fleets at least in part a change in 5 13 C of mean ocean water, pos sibly a result of a change in input/output ratio of organic car bon to carbonate carbon (Miller and Fairbanks, 1985) .
The faunal changes at the end of the Paleocene cannot easily be explained as the result of a decrease in surface productivity. In the first place, the increase in relative abundance of infaunal species is not in agreement with that hypothesis. In the second place, comparison of the faunal record for the end of the Paleo cene with that across the Cretaceous/Tertiary boundary at the same site shows that events during these two periods were very different as to their effect on the deep-sea benthic foraminifers. At the end of the Cretaceous the primary productivity collapsed, but there was no major extinction event of deep-sea benthic for aminifers (Thomas, in press ). There is an increase in relative abundance of epifaunal species just above the Cretaceous/Ter tiary boundary at Sites 689 and 690, probably reflecting a strong decrease in nutrient supply. Most of the few species that last ap peared at the Cretaceous/Tertiary boundary were infaunal spe cies (such as Coryphostoma incrassata), whereas several com mon epifaunal species that survived the Cretaceous/Tertiary boundary were the species to become extinct at the end of the Paleocene. Bathyal-abyssal foraminifers may have survived the major environmental crisis at the end of the Cretaceous because these organisms were used to low nutrient levels (common for deep-sea environments) and because of their detritus-feeding way of life (Sheehan and Hansen, 1986) .
This discussion indicates that the benthic faunal extinction at the end of the Paleocene probably was neither the result of an increase of surface productivity, nor of a decrease. This leaves us many possibilities for an explanation of the extinction, but a viable cause appears to be a change in characteristics of the deep waters. The extinction occurred over a period of less than 25,000 years at Site 690, the right time-scale for a change in deep-water circulation which could have occurred over a period of a few thousand years. The oxygen and carbon isotopic rec ords for Sites 689 and 690 demonstrate that there was a short in terval (exactly corresponding to the interval of lowest benthic foraminiferal diversity, just after the extinction) of very light 5
18 0 values in benthic foraminifers (about -0.8%o for N. truempyi), planktonic foraminifers (about -1.0%o for subbotinids), and bulk carbonate (0.5%o). In the same interval the <5 13 C values are also unusually low (-0.5%o for N. truempyi, -0.6%o for subbotinid planktonic taxa, and -0.5%o for bulk car bonate; data after Kennett and Stott, this volume; Stott et al., this volume; Shackleton and Hall, this volume) . Calcareous nan nofossil assemblages indicate the warmest surface water temper atures of the Cenozoic for this interval (Pospichal and Wise, this volume, chapter 37) . Ostracodes from the low-diversity in terval of benthic foraminifers constitute non-analog faunas, which on a generic level appear to be similar to much younger (Plio cene) deep-thermospheric Mediterranean faunas (P. Steineck, pers, comm., 1989) .
This combination of data indicates that the high-latitude deep and shallow waters in the Southern Ocean warmed for a short period (about 350,000 years) across the Paleocene/Eocene boundary, suggesting that a probable cause of the latest Paleo cene benthic foraminiferal extinction is warming of these wa ters. Such an overall warming at the Maud Rise sites could have been caused by a change from the formation of intermediate and deep waters predominantly by sinking at high latitudes (pro ducing cool, oxygen-rich waters, sinking in the proximity of Maud Rise and thus young at the Maud Rise sites) to formation of deep waters at lower latitudes. Such warm, salty deep waters would have been low in oxygen, both because of the low solubil ity of oxygen in warmer water and because these waters formed further away from Maud Rise, and thus must have aged consid erably before reaching the sites (causing low values of <5 13 C in the deep waters). Such a change in circulation could cause the change toward a much higher relative abundance of infaunal species, and the extinction of many epifaunal species that could not survive in the waters with a lower oxygen content. Data on clay minerals from the Maud Rise sites (Robert and Maillot, this volume) strongly support a change in circulation in the latest Paleocene and appear to indicate a short-term change to less ox idizing conditions for the interval of lowest benthic foraminif eral diversity. Preliminary data on the benthic foraminiferal fau nal compositions and oxygen and carbon isotopic record from sites drilled on Leg 114 (Fig. 1A ; Katz and Miller, in press ) sug gest that nutrient-depleted deep waters filled the southernmost Atlantic during the Paleocene and early Eocene but that deep water formation at high latitudes was reduced or stopped during a short period in the latest Paleocene to earliest Eocene; these authors agree that such a circulation change could have caused the benthic foraminiferal extinctions in the latest Paleocene.
The cause of such a change in deep-water circulation must remain controversial; it might have been a change in plate con figuration in the area where the Indian and Asian continents collided at the end of the Paleocene, or in the northern Atlan tic, where large volumes of plateau basalts formed at the time (e.g., Berggren and Schnitker, 1983; Williams, 1986) . Changing plate configurations could have changed the configurations of low-latitude marginal basins, thus the evaporation balance in such basins. One of the many other possibilities includes a global warming, possibly caused by higher concentrations of C0 2 in the atmosphere as a result of high sea-floor hydrothermal activ ity (Owen and Rea, 1986) .
The overall benthic foraminiferal faunal record does not agree with the hypothesis that deep waters formed at low latitudes during the Late Cretaceous and that the circulation changed at some time during the early Tertiary (e.g., Hays, 1988) : if domi nance of infaunal species indeed indicates less-ventilated waters, then waters above Maud Rise were better oxygenated in the Maestrichtian through Paleocene and in the middle Eocene and later, than in the early Eocene. The Maestrichtian carbon and oxygen isotopic record (Barrera and Huber, this volume) sup ports the hypothesis that waters bathing Maud Rise were welloxygenated during that time, as do data on the ostracode fauna of Sites 689 and 690 (P. Steineck, pers, comm., 1989) . Thus fau nal and the isotopic records appear to indicate that at least in termediate waters (bathing Maud Rise) formed by sinking at high latitudes during the Maestrichtian, in agreement with Bar rera et al. (1987) . This would mean that the formation of inter mediate waters in the Maestrichtian was more similar to the sit uation proposed for the Oligocene (with formation of deep-tointermediate waters both at low latitudes and at high latitudes; see Kennett and Stott, this volume, their Fig. 13 ) than to the sit uation proposed for the Eocene (with formation of deep to in termediate waters at low latitudes only).
The similarity of the faunas at Sites 689 and 690 strongly in dicates that there was no major water mass boundary between the two sites during the Maestrichtian through Neogene; the much greater variability in faunas (both in diversity and in com position) at Site 689, however, might indicate that this shallower site was located at a depth that was close to (but slightly below) such a water mass boundary for most of its Cenozoic history.
The faunas of upper assemblage 4 and assemblage 3 (middle to late Eocene) show trends that have been described from many other sections, that is, a gradual faunal change during the late middle Eocene, with extinctions and originations throughout the middle Eocene and lowermost Oligocene (e.g., Corliss, 1981; Miller, 1983; Tjalsma and Lohmann, 1983; Corliss et al., 1984; Snyder et al., 1984; Corliss and Keigwin, 1986; Miller and Katz, 1987a; Culver, 1987; Berggren and Miller, 1989) . These faunal changes parallel the oxygen isotopic record of benthic foramini-fers, which shows a continuous decrease in temperature of the deep waters starting in the middle Eocene (e.g., Corliss and Keigwin, 1986; Oberhaensli, 1986; Oberhaensli and Hsu, 1986; Shackleton, 1986; Keigwin and Corliss, 1986; Kennett and Stott, this volume) . It is not clear what exactly caused these long-term changes in the benthic foraminiferal fau nas at the Maud Rise sites, but the parallelism between the oxy gen isotopic record and benthic faunal records suggests that the temperature decrease was at least one of the causes. Possibly the decrease in temperature made CaC0 3 less easily available to the deep-sea benthic foraminiferal faunas (because of its increased solubility at lower temperatures): at the Maud Rise sites the spe cies that had last appearances during the middle to early late Eocene include all the large and heavily calcified species (such as Bulimina semicostata). In addition, the decrease in tempera ture may have caused an increase in oxygen content of the deep and intermediate waters (because of its increased solubility at lower temperatures), thus causing the local extinction of many infaunal species (such as several lenticulinid and uniserial lagenid species).
Benthic foraminiferal faunas underwent only minor extinc tions at the end of the Eocene (Corliss, 1981; Miller, 1983; Tjalsma and Lohmann, 1983; Corliss et al., 1984; Miller et al., 1984; Thomas, 1985) . Some extinctions occurred at the Eocene/ Oligocene boundary or slightly later, at the major increase in 5 18 0 in benthic foraminifers (e.g., Corliss, 1981; Corliss et al., 1984) . At Sites 689 and 690, the end of the period of faunal change, said to extend from the middle Eocene through the lower Oligocene (e.g., Culver, 1987) apparently occurred slightly earlier than at lower latitude sites. This end of faunal turnover (and beginning of stable faunas) occurred at the lower boundary of assemblage 2. This assemblage boundary is located at an un conformity at Site 690, and thus cannot be dated precisely at that site (Pospichal and Wise, this volume, chapter 37; Stott and Kennett, this volume, chapter 34). The boundary is, how ever, definitely within the Eocene at Site 689, where it occurs at the calcareous nannofossil Zone CP 15a/15b boundary (Pospi chal and Wise, this volume, chapter 37), and below the last ap pearance of the planktonic foraminifer Globigerinatheka index (Stott and Kennett, this volume, chapter 34) (estimated at 38.4 Ma). The benthic faunal boundary is clearly below the well-doc umented increase in 5
18 0 values in benthic foraminifers, which occurred worldwide in the lowermost Oligocene (at 122 mbsf at Site 689, above the benthic assemblage boundary at 130 mbsf).
There is thus no clear indication in the benthic foraminiferal record at Sites 689 (lower bathyal) and 690 (upper abyssal) of a sudden or short-lived event indicating the establishment of the psychrosphere. The Maud Rise data support many earlier rec ords of gradual changes during the upper middle to upper Eo cene (see above, and Benson et al., 1984) . These faunal changes involve the disappearance and appearance of more taxa than the faunal change in benthic foraminifera during the early-middle Miocene (see below).
The last benthic foraminiferal assemblage boundary at the Maud Rise sites occurred at some time during the middle Mio cene, and appears to be coeval with the faunal change recorded at that time from many other sites (e.g., Woodruff and Doug las, 1981; Thomas, 1985; Woodruff, 1985; Thomas, 1986a Thomas, , 1986b Miller and Katz, 1987a; Thomas and Vincent, 1987; Thomas and Vincent, 1988; Woodruff and Savin, 1989) . Precise age determinations of this event have varied (compare Woodruff and Douglas, 1981, with Thomas and Vincent, 1987; Miller and Katz, 1987a ), but at Sites 689 and 690 no precise determinations can be made because of the strong CaC0 3 dissolution at this time. At both sites the assemblage boundary between assem blages 2 and 1 occurs in an interval barren of benthic foramini fers, which has been placed in the Denticulopsis hustedtii-Denticulopsis lauta-Nitzschia denticulinoides diatom zone (Burckle and Gersonde in Barker et al., 1988) and in the upper Actinomma tanyacantha to lower Cycladophora spongothorax radi olarian zones (Gersonde et al., this volume) ; the age of the bar ren interval is estimated at 14.9-11.55 Ma by these authors.
CONCLUSIONS
The conclusions of this study are as follows:
1. Major changes in deep-sea benthic foraminiferal assem blages (and thus probably in deep-water characteristics) occurred at the early/late Maestrichtian boundary, at the early/late Pa leocene boundary, in the late Paleocene, in the middle early to late early Eocene, in the middle middle Eocene, in the late Eo cene, and in the early-middle Miocene. These major changes probably can be recognized world-wide, although specific first and last appearances may be diachronous.
2. There was no major extinction of deep-sea benthic fora minifers at the end of the Cretaceous; the most important ex tinction of the Maestrichtian through Neogene occurred at the end of the Paleocene, a time at which planktonic organisms did not have a high extinction rate.
3. Records of faunal composition (percentage of specimens belonging to infaunal species) indicate that deep to intermediate waters in the Maud Rise area were well oxygenated during the Maestrichtian through early Paleocene and during the latest Eo cene through the Neogene. They were less well ventilated during the late Paleocene and middle to early late Eocene, and least ventilated during the latest Paleocene through earliest Eocene.
4. The benthic foraminiferal records from Maud Rise sug gest that there was no simple transition from deep-water forma tion at low latitudes to deep-water formation at high latitudes at some time during the Paleogene. These records suggest that wa ters bathing Maud Rise formed at high latitudes during the Maestrichtian through early Paleocene and the late middle Eo cene through the Neogene. There was probably a period of ex tensive formation of deep waters at low latitudes at the end of the Paleocene, causing the benthic foraminiferal extinction. 
